and more objectively assessed nocturnal awakenings (d = 0.40, p = 0.03) than full-term children. Associations of sleep efficiency and cognitive functions (intelligence, arithmetic, selective attention, visuospatial memory) were positive and stronger for preterm children (β = 0.17-0.31, p < 0.05), while they were nonsignificant for full-term children. Conclusion: Results confirm lower cognitive test scores and more nocturnal awakenings in normally developing early preterm children compared to full-term children. Furthermore, poor sleep efficiency may aggravate cognitive deficits, particularly in children who are more vulnerable due to premature birth.
ture children surviving without major impairments has increased [1] . However, even among generally well-developing preterm children there is evidence of mild cognitive deficits [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . One possible cause of mild cognitive deficits among preterm children involves subtle injuries to the cortical gray and white matter as well as secondary developmental disturbances of the brain [12] .
Prematurely born children are also at risk of poor sleep, particularly due to sleep-disordered breathing (SDB) [13] . Generally, an adequate amount of good-quality sleep is considered important for children's development [14] . In healthy children, sleep duration and sleep efficiency (defined as the proportion of the total amount of time spent in bed that the child is asleep) have been particularly well studied with regard to their relation with cognitive functions [15] , covering a wide variety of both experimental [16, 17] and correlational [18] studies. A recent meta-analysis [15] including studies with more than 30,000 healthy children showed that sleep duration is positively associated with cognitive function, with effect sizes in the modest range. With regard to objectively assessed sleep continuity (which includes sleep efficiency, sleep latency, time awake after sleep onset, and number of awakenings [19] ) sleep efficiency, in particular, was positively related to visual and auditory working memory [20] , cognitive processing speed [21, 22] and abstract reasoning [18] , although results were not very consistent across studies [15] . Moreover, findings indicate that some children may be more vulnerable to the effects of poor sleep efficiency than others. One study, for instance, found a positive relation between sleep efficiency and working memory only in children from poor socioeconomic status, who may be considered more at risk of poor outcomes [21] .
The current understanding of the association between sleep and cognitive functions in preterm children is limited. One in-home overnight cardiorespiratory study [23] showed that preterm children with SDB achieved significantly lower vocabulary and achievement test scores relative to preterm children without SDB, while there were no such differences between full-term children with and without SDB. These results indicate that the strength of the relationship between sleep and cognitive functions may vary between children depending on their prematurity status, such that preterm children are particularly vulnerable to the detrimental effects of poor sleep. Thus, prematurity status may be a factor that makes children more vulnerable to the effects of poor sleep. These findings also appear consistent with the cognitive reserve hypothesis which claims that individuals differ in cognitive vulnerability to stressors such as poor sleep [24] .
To our knowledge, no study has examined the moderating role of prematurity status in the relationship between objectively assessed sleep duration and sleep continuity using polysomnography and cognitive functions. The main goal of the present study was to fill this gap by assessing cognitive functions in very preterm and fullterm children during middle childhood in relation to objectively assessed sleep duration and sleep efficiency, which are the two most widely studied objective sleep variables in pediatric sleep research [15] . Moreover, with regard to sleep continuity, we also studied the number of nocturnal awakenings (number of arousals from sleep), which we expected to be particularly related to prematurity status, as previous research has shown that prematurity is a risk factor for developing SDB [13] .
We tested the following hypotheses. First, we hypothesized to find greater deficits in cognitive functions, shorter sleep duration and poorer sleep continuity (lower sleep efficiency and more nocturnal awakenings) in preterm than full-term children. Second, we hypothesized to find a stronger association between sleep duration/sleep continuity and cognitive functions in preterm than fullterm children.
Methods

Subjects
Between June 2011 and June 2012, 58 preterm and 55 full-term children were enrolled in the study. The sample of preterm children was derived from an initial cohort of 217 preterm children born in Basel, Switzerland and treated between June 2001 and December 2005 at the University Children's Hospital Basel. Hospital treatment records were examined with regard to children's prematurity (defined as GA <32 weeks at birth). Children with serious conditions such as severe developmental delay at age 2, children without information on development until age 2 due to aftercare at a different hospital or due to early death and children of parents with insufficient German language skills to give informed consent were excluded from the recruitment process. Of the remaining 133 children, 21% had moved from the area and 11% could not be contacted due to no or incorrect address information. Finally, 90 children could be contacted, of whom 58 (64%) agreed to participate. There were no differences between participating preterm children and nonparticipants with regard to birth weight (mean = 1,302 vs. 1,284 g, A total of 55 control children born after the 37th week of gestation (35 boys, 20 girls, mean GA 39.7 weeks, mean age 8.3 years) were recruited from birth announcements in newspapers. All children attended primary school in Switzerland. The samples were comparable regarding age and sex. As the parents of some of the full-term children refused participation, we were unable to recruit controls for 3 of the 58 preterm children. The Ethics Committee of Basel approved the study protocol. Parents gave written informed consent for the children to participate and assent was obtained from the child prior to the beginning of the study.
Procedure and Measures
All children were visited at home on a regular school day at late afternoon by trained study personnel. The study used cognitive test procedures and in-home polysomnography, as well as other physiological and behavioral assessments which are not presented here.
Cognitive tests were administered in a quiet room. A short form of the German version of the Wechsler Intelligence Scale for Children, fourth edition (WISC-IV) [25] , including the subtests vocabulary, matrix reasoning, letter-number sequencing, and coding, was used to estimate the children's intelligence (IQ). Children's IQ scores were obtained based on the four subtests using weighted calculation, following the procedure proposed by Waldmann [26] . The IQ has a mean of 100 (SD = 15). Arithmetic was administered as a supplemental subtest, which is standardized with a mean of 10 (SD = 3). Selective attention was measured using the selective attention subtest of the Intelligence and Development Scales (IDS) [27, 28] , where the children were asked to find and mark drawings of ducks with specific attributes in lines of different ducks within a stated time. This measure has a mean of 10 (SD = 3). Verbal memory was measured using the German version of the Rey Auditory Verbal Learning Test (AVLT) [29] . The children were given 5 trials to learn a list of 15 words, which they were asked to recall after each trial (learning). An interference trial of a different word list was presented, followed by a 6th recall trial of the original word list (postinterference test). Finally, after a 30-min interval the children were asked to identify the original word list out of 50 words (recognition). These measures have t scores with a mean of 50 (SD = 10). Visuospatial memory was measured using the Rey-Osterrieth Complex Figure test (ROCF) [30] . A complex geometric figure was presented to the children, which they had to copy and reproduce from memory 30 min later (delayed recall). Both subtests have a score range of 0-36. A small number of test scores were missing due to child noncompliance, equipment failure or restrictions in testing time (preterm children: WISC-IV, n = 3; IDS, n = 3; AVLT, n = 1; ROCF, n = 2; full-term children: WISC-IV, n = 2; ROCF, n = 3).
To assess sleep duration and sleep continuity, overnight polysomnographic assessment of sleep was performed at the children's homes during the night following cognitive testing using the Somté PSG (Compumedics, Singen, Germany) portable sleep-monitoring device. EEG, electrooculography, and electromyography were assessed. Electrodes for EEG recordings were placed at C3 and C4 (with cross-reference to A2 and A1) and sleep scoring was performed in 30-second epochs according to standard procedures [31] . The following indices of sleep duration and sleep continuity were derived: total sleep time (time in bed minus time spent awake), sleep efficiency (the ratio of total sleep time to time in bed) and nocturnal awakenings (number of arousals from sleep). Indices of sleep architecture or sleep microarchitecture are not reported here as their relationship to cognitive function is beyond the scope of the present study. Sleep scoring was conducted by two experienced sleep technologists. Because 
Statistical Analyses
To test for group differences in demographic characteristics, χ 2 analyses or Fisher's exact tests were used for categorical variables and analyses of variance were used for continuous variables. Due to possible associations of cognitive variables with maternal education [32] and migration background [33] , we included maternal education and mother tongue (as an indicator of migration background) in the analyses of the group differences. Results showed both variables to be associated with prematurity status and, therefore, they were included a priori as covariates in the following group comparisons. Analyses of covariance tested whether the groups differed significantly in sleep variables and in cognitive functions. Tests for linear trend were conducted to test for increasing or decreasing sleep scores and cognitive performance across groups (extremely preterm, very preterm, full-term). For analyses of covariance (mean differences between groups), the reported p values are one-tailed, given our directional hypothesized predictions. Additionally, effect sizes (Cohen's d) are reported. If an extreme value (defined as a z-score exceeding 3 SDs from the group mean) occurred in the sleep variables (n = 3), scores were truncated to ±3 SD. Hierarchical regression analyses were conducted following the procedure proposed by Aiken and West [34] to analyze the associations between sleep and cognitive functions and to investigate whether prematurity status (preterm, full-term) acts as a moderator of these associations. Demographic characteristics, including maternal education (three-level categorical variable), mother tongue, age, and sex, were entered in the first block. Prematurity status and sleep variables were entered in the next block and, finally, the two-way interaction terms between prematurity status and sleep variables were entered in the last block. Raw scores of each variable were z-transformed across both groups. For moderated hierarchical regression models, adjusted t values, standardized betas and adjusted p values (two-tailed) are reported. If a significant interaction was found (indicating a significant moderation effect), then the interaction was graphed by computing predicted values of cognitive functions separately for preterm and full-term children at low (-1 SD) and high (+1 SD) values of sleep variables. Separate multiple regression analyses were used to evaluate whether the slopes in the graphs were significantly different from zero [34] . For separate slope analyses reported p values are one-tailed.
Results
Cognitive Functions and Sleep in Preterm and Full-Term Children
The results of the cognitive functions and the mean sleep scores are presented in table 2 . The performance of preterm children in tests of cognitive functions was in the average range except for ROCF delayed recall, where the mean score for the preterm group (mean = 36.2, SD = 9.6) was well below the normative mean. Adjusting for maternal education and mother tongue, preterm children reached significantly lower scores than full-term children in IQ, arithmetic, selective attention, and visuospatial memory (ROCF delayed recall), whereas the linear trend was additionally significant for verbal memory (AVLT postinterference test, recognition), indicating systematically increasing test scores from extremely preterm children to full-term children. No significant differences were found for AVLT learning and ROCF copy. With regard to sleep, preterm children showed more nocturnal awakenings than full-term children, controlling for maternal education, mother tongue and child age. No significant differences were found for sleep duration or sleep efficiency, which was on a relatively high average level of more than 94% in both groups. These findings did not change substantially when the 4 preterm children with mild IVH were excluded from the analyses (data not shown).
Associations between Sleep and Cognitive Functions
First, hierarchical regression analyses were calculated for the combined participant sample. Controlling for maternal education, mother tongue, child age, sex, and prematurity status, better sleep efficiency was significantly associated with higher scores in the verbal memory postinterference test of the AVLT (t = 2.537, β = 0.245, p = 0.013). Other sleep variables showed no association with cognitive performance.
Second, moderated hierarchical regression analyses were calculated with prematurity status × sleep interaction terms, controlling for maternal education, mother tongue, child age, sex, prematurity status, and the corresponding sleep variable ( table 3 ) These findings did not change substantially when the extremely preterm children or the 4 preterm children with mild IVH were excluded from the analyses or when additionally controlling for total sleep time or nocturnal awakenings (data not shown).
Discussion
In our study, preterm children scored mainly in the average range but achieved lower IQ scores and fared worse in arithmetic, selective attention and visuospatial memory relative to full-term children, controlling for maternal education and mother tongue. The effect sizes of these differences were in the small-to-medium range. Lower test scores in IQ, arithmetic, selective attention, verbal memory (postinterference test, recognition), and visuospatial memory (delayed recall) were related to the degree of prematurity, such that there were systematic increases in test scores from extremely preterm to fullterm children. By contrast, group differences in the verbal memory learning subtest and in the visuospatial memory copy subtest did not reach significance. With regard to sleep, preterm children showed more nocturnal awakenings compared to full-term children, while no group differences were found for sleep duration and sleep efficiency. Furthermore, our findings were consistent with the hypothesis that the associations of sleep and cognitive function were moderated by prematurity status. Compared to full-term children, in preterm children sleep efficiency was more strongly related to performance in IQ, arithmetic, selective attention, and visuospatial memory (copy), such that better sleep efficiency was associated with better performance. No moderation was found for sleep duration and nocturnal awakenings.
Our results are generally consistent with previous research showing lower IQ scores [5, 35] and more selective attention problems [5, 6, 9] , as well as poorer performance in mathematics [36, 37] and visuospatial memory [2] , in preterm children compared to full-term children. The finding that preterm children achieved lower scores in two out of three verbal memory subtests is in line with previous results on verbal memory showing deficits in preterm children [5, 6] , although in another study there were no such group differences [10] . The finding that lower cognitive test scores are in relation to the degree of prematurity has been reported in previous research [1, 4] . Nevertheless, except for one task of visuospatial memory (delayed recall), the majority of the preterm children performed within the average range and the group differences between preterm and full-term children resulted because of the high average performance of the controls. The finding that preterm children showed more nocturnal awakenings than full-term children corresponds with research showing more disturbed sleep due to SDB in preterm children [13] , as obstructed respiration may result in arousals from sleep.
Apart from one significant association between sleep efficiency and the verbal memory postinterference subtest, we found no direct relationship of sleep duration and sleep continuity with cognitive function. While this is in conflict with previous research [15, 18, [20] [21] [22] , it is in line with the notion that not all children are equally vulnerable to the effect of poor sleep [20] . Our findings are also in line with the results from Emancipator et al. [23] , who reported that preterm children with objectively assessed SDB had significantly lower cognitive test scores relative to preterm children without SDB, whereas there were no significant differences in cognitive test scores between full-term children with and without SDB. The evidence from our study as well as from Emancipator et al. [23] indicates an increased vulnerability of preterm children to the impairing effects of sleep disruptions on cognitive functions. From the perspective of the cognitive reserve hypothesis [24] , one may expect that preterm children are less able than full-term children to compensate for stressors such as disturbed sleep, possibly due to subtle neonatal brain injury [24, 38, 39] . Thus, Step 2: model with sleep variables and prematurity status × sleep interaction terms predicting cognitive function, controlled for variables entered in step 1. Maternal education: vocational education served as reference category. Mother tongue: +1 = foreign language, -1 = German language. Sex: +1 = girl; -1 = boy. Prematurity status: +1 = preterm birth, -1 = full-term birth. Age: shows strong positive associations with cognitive functions as the analyses were conducted with z-standardized raw scores of cognitive measures. * p < 0.050; ** p < 0.010; *** p < 0.001. prematurity may be a factor increasing the vulnerability to the impairing effects of poor sleep. There is evidence of individual differences in vulnerability to sleep deprivation, which appear to be mediated by differential cortical activation patterns when acutely sleep deprived [24, 40] . Future studies may examine whether brain activity differs in full-term and preterm children according to their sleep quality. Another research approach may be taken to examine whether the family environment (and therefore possibly also the sleep environment) of children with lower cognitive ability is more disruptive. For instance, it is known that children in a less secure family environment more often show both worse sleep pattern and decreased academic and behavioral functioning compared to children growing up in a warm and supportive family environment [41, 42] . Thus, it is possible that variables that have not been assessed in the current study such as family functioning or the parent-child relationship have an influence on both sleep pattern and cognitive function.
Conflicting with previous research, the present study shows no significant differences between preterm and full-term children in the visuospatial memory copy subtest, even though a previous study has suggested that preterm children would be particularly impaired in this task [2] .
Differences with previous research may be seen in the light that we studied a generally healthy sample of preterm children. Not all parents of preterm children agreed to participate, which may have led to a selection bias towards more healthily developing preterm children, as it is possible that parents may tend to avoid situations where their child's deficits are highlighted [43] .
Limitations of the study include, firstly, that only one night of polysomnography was available, while assessment of sleep during further nights might have increased the reliability of sleep variables and, secondly, that no cardiorespiratory assessment of SDB was conducted. By contrast, we consider it a strength that sleep variables were assessed using in-home instead of laboratory-based polysomnography to allow children to sleep in their familiar environment. Finally, the correlative design of the study precludes causal inferences. It does not allow testing the direction of the effects between sleep and cognitive functions. Moreover, it remains possible that the here-reported associations were due to unobserved confounding variables.
In conclusion, the results indicate that preterm children who are enrolled in normal school remain at higher risk for cognitive deficits and sleep disturbances. Further, the results of our study are consistent with the view that preterm children are particularly vulnerable to the impairing effects of poor sleep efficiency for cognitive function.
